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Abstract. This paper introduces a novel model-based approach for virtual sensing of wind turbine support struc-
tures for full-field strain estimation using a single biaxial, DC-capable accelerometer and a sufficiently accurate
structural model. It enables displacement and strain estimation in the quasi-static frequency band, which accounts
for a large proportion of accumulated fatigue damage in offshore wind turbine support structures while saving
costs by relying solely on accelerations from a single accelerometer as input. The introduced method extends
the modal decomposition and expansion by using displacement estimations based on tilt-error-compensated ac-
celeration time series, utilising the tower’s static bending line. It is applied here in two validation case studies:
a small-scale laboratory experiment and a full-scale offshore wind turbine. In both cases, the estimated strain
is validated against strain measurements conducted at various locations along the structure. The results show
excellent agreement between the estimated and measured strains for both case studies. In the laboratory exper-
iment, both displacements and strains are estimated accurately with errors below 2.2 % and 5 %, respectively.
For the offshore wind turbine, the damage-equivalent loads at the transition piece can be estimated with a mean
percentage error of below 9 %. The remaining errors can be attributed to modelling uncertainties and simplified
load assumptions. The presented approach offers an improvement over established methods for strain estimation,

achieving similar accuracy with fewer sensors, resulting in a low-maintenance load monitoring.

1 Introduction

With the increasing number of offshore wind turbine (OWT)
installations over the last decades, a significant number of
OWTs will reach the end of their typical design lifetime
of 20-25 years in the coming years (WindEurope, 2025),
leading to questions about the end-of-life strategies, which
will become even more important in the years to come.
Due to incomplete understanding of aerodynamics, soil me-
chanics and expected environmental conditions, uncertain-
ties in the design loads and structural resistance are rela-
tively high in OWTs, especially compared to other types of
power-generating turbines. Experience shows that the struc-
tural properties assumed in design often deviate from the as-

built turbine support structure, which becomes apparent from
deviations in the eigenfrequencies of the actual OWT when
compared to those expected in the design phase (Augustyn
et al., 2020; Sastre Jurado et al., 2024). To account for these
uncertainties, OWTs are designed with partial safety fac-
tors (DNV-GL, 2016), often resulting in conservative designs
(Natarajan et al., 2020). Knowledge about the actual fatigue-
relevant loading acting on the OWT could therefore be used
to justify an extension of the OWT’s service life beyond the
design lifetime (Ziegler and Muskulus, 2016). Furthermore,
load monitoring can also serve as a basis for longer service
lives through an optimised operation that takes into account
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the fatigue effects of unforeseen operational conditions, such
as frequent curtailments.

To monitor the loads acting on an OWT, it can be equipped
with sensors, such as strain gauges or acceleration sensors, to
measure its structural response. Usually, the turbine operator
is interested in the structural response at various relevant ele-
vations of the structure (Tarpg et al., 2020). However, equip-
ping the structure with sensors at every critical position is not
always possible nor cost-effective and therefore not feasible
in practice (Farrar and Worden, 2012). To overcome this lim-
itation, virtual sensing methods can be used. In virtual sens-
ing, non-physical sensors are synthesised from physical sen-
sor time series data and a structural or data-based model to
estimate quantities at positions without sensors. In the con-
text of wind turbines, virtual sensing is often used to estimate
strain at unmeasured locations since the critical point for the
fatigue design is close to the mudline, where strain sensors
cannot usually be installed. For this reason, virtual sensing
methods for OWTs are also often referred to as strain estima-
tion, strain prediction or fatigue prediction methods (Tarpg,
2020).

The most widely used methods for virtual sensing for
OWTs are based on the modal decomposition and expan-
sion (MDE), the Kalman filter (Tarpg, 2020) and machine
learning (ML) techniques. In their simplest form, these ap-
proaches use only acceleration measurements as input for the
strain estimation. The Kalman filter was first applied for vir-
tual sensing by Papadimitriou et al. (2011) and estimates a
state-space model that is updated continuously using mea-
surement data. By combining information from the state-
space model with measurements, the Kalman filter can re-
duce uncertainty in the estimation compared to purely data-
based or purely model-based approaches. The Kalman filter
has been applied for strain estimation of wind turbine sup-
port structures in several publications, such as Maes et al.
(2015, 2016) and Branlard et al. (2020), as well as in mod-
ified versions such as by Zou et al. (2023). The majority of
research in the field of virtual sensing is, however, based on
the MDE. The MDE algorithm, as it is known today, was in-
troduced by Hjelm et al. (2005) and Graugaard-Jensen et al.
(2005). In the MDE, the structural response is decomposed
and reconstructed using the structure’s mode shapes, usually
extracted from a finite-element model and vibration measure-
ment data, typically acquired using accelerometers. In many
applications, the structural response is dominated by a few
modes only, allowing sufficiently accurate strain estimation
despite using only a limited number of sensors (Bagersad
et al., 2015). The MDE or modifications to the MDE have
been used for strain estimation of wind turbines in multiple
publications, such as Tarpg et al. (2020), Maes et al. (2016)
and Nabuco et al. (2020). Additionally, other methods based
on machine learning exist, such as those described by Tarpg
et al. (2022), Moynihan et al. (2024) and Bilbao et al. (2022).
In Bilbao et al. (2022), it is also shown that a significant por-
tion of fatigue-relevant damage is neglected when only dy-
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namic stresses above 0.1 Hz are considered, highlighting a
limitation of many virtual sensing approaches for OWTs: the
methods perform well for estimating the dynamic strain but
fail to accurately capture the response well below the first
eigenfrequency, denoted here as the quasi-static frequency
range (Maes et al., 2016; Iliopoulos et al., 2017). Although
no formal definition exists for this quasi-static frequency
range, it is generally understood to encompass frequencies
significantly lower than the first eigenfrequency and below
0.1Hz.

For many structures, the quasi-static response has negligi-
ble effects on the fatigue life consumption since only few
low-frequency load cycles occur over the structure’s life-
time. However, for wind turbines, the quasi-static response
is fatigue-relevant (Bilbao et al., 2022; Tarpg et al., 2025),
as large displacements and thus strains are associated with
the quasi-static part of the excitation (Augustyn et al., 2021;
Tliopoulos et al., 2017; Noppe et al., 2016), caused by wind
gusts and yawing motion. In contrast, the excitation in the dy-
namic frequency band occurs due to wind turbulence, waves
and periodic rotor excitation. Therefore, neglecting the quasi-
static frequency range leads to a significant underestimation
of fatigue loads and is therefore not conservative. This is
shown as an example in Fig. 1 for a 1 h strain time series
of an OWT tower. If the quasi-static component of the strain
set here to below 0.1 Hz is neglected, the fatigue damage,
expressed here via the damage-equivalent strain (DES), is
significantly underestimated, only adding up to about 69 %
of the actual DES. Similarly, it is not sufficient to consider
the quasi-static frequency range only since the dynamic fre-
quency range, including vibrations close to the first eigenfre-
quency and those excited by rotor rotation, also contributes
to the fatigue loading.

Estimating the quasi-static response from acceleration
time series is, however, not trivial. As strains are related to
structural displacements, a double integration of the mea-
sured accelerations from a DC-capable accelerometer is nec-
essary for strain estimation. An integration to convert accel-
eration a(t) to displacement w(¢) in the frequency domain
can be expressed as

1
wt)=F " —Fa@)). (1)
—

where o is the frequency, and F and F~! are the Fourier
transform and the inverse Fourier transform, respectively. For
w — 0, the factor _sz approaches negative infinity and thus
amplifies the low-frequency range in a non-physical way.
This leads to an overestimation of quasi-static amplitudes in
the estimated displacements and, consequently, in the estima-
tion strains when estimated from accelerations (Tarpg, 2020).

As a consequence, approaches accounting for the quasi-
static response of wind turbine support structures have been
developed in which the quasi-static strain is estimated from
different quantities such as strain, inclinations, or supervi-
sory control and data acquisition (SCADA) data, thereby
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Figure 1. Strain time series of an offshore wind turbine tower un-
der partial load operation. The low-pass- and high-pass-filtered sig-
nals were obtained using zero-phase fourth-order Butterworth filters
with a crossover frequency of 0.1 Hz. The first bending eigenfre-
quency (EF) of the tower is indicated. The damage-equivalent strain
(DES) is normalised with respect to the total DES of the unfiltered
signal.

avoiding the challenge arising from the double integration
of accelerations. A straightforward approach uses strain
measurements to estimate the quasi-static strain at non-
instrumented locations. Maes et al. (2015) showed a sig-
nificantly improved strain estimation in the quasi-static fre-
quency range when strains were used as input to the Kalman
filter in addition to accelerations. Several authors have also
extended the MDE with strain measurements to estimate the
quasi-static response (Iliopoulos et al., 2017; Henkel et al.,
2020; Fallais et al., 2025) by applying the multi-band MDE
approach introduced by Iliopoulos et al. (2017). By splitting
the entire frequency range into multiple frequency bands, the
multi-band approach allows the consideration of more vi-
brational modes than the number of accelerometers would
typically permit. Furthermore, it enables the reconstruction
of the quasi-static strain by spatially extrapolating the mea-
sured strain using the strain distribution in the static bend-
ing line instead of the first bending mode. Despite enabling
accurate strain estimation, depending on strain gauges has
downsides. In addition to increased installation costs for ad-
ditional sensors, strain gauges often exhibit high noise levels
and drift, as well as lower reliability and robustness com-
pared to accelerometers. Further, sensor faults and defects
can occur when installed close to the waterline, as they are
exposed to more extreme environmental conditions (Tarpg
et al., 2020). Alternatively, the quasi-static strain can be re-
constructed using SCADA data, as shown by Noppe et al.
(2016), who model the thrust load based on 1s resolution
data for pitch angle, wind speed and rotor speed and then re-
construct the quasi-static strain using the static bending line
of the tower. However, since the reconstruction of the quasi-
static response is not based on structural reactions but rather
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on a modelled relationship, it can be subject to greater uncer-
tainty. Tofteker et al. (2023), however, used inclinations de-
rived from DC-capable accelerometer signals as input to the
MDE of the quasi-static response to avoid problems arising
from the double integration, assuming the measured accel-
eration is only due to the gravitational acceleration. This as-
sumption is only accurate for the static case. For frequencies
above 0 Hz, accelerations of the vibrating tower distort the
estimated inclinations. Furthermore, in contrast to the above-
mentioned publications, Tofteker et al. (2023) used the static
deflection shape and strain distribution arising from a unit
moment at the tower top obtained from an FE model in addi-
tion to those resulting from a horizontal force, thereby further
improving the strain estimate in the quasi-static frequency
domain.

The consideration of different deflection shapes in addi-
tion to the mode shapes is often referred to as Ritz vectors
in the context of strain estimation according to Skafte et al.
(2017), who used Ritz vectors to better represent wave load-
ing on offshore structures. The concept has been employed
by Augustyn et al. (2021) and Tofteker et al. (2023). In con-
trast to the mode shapes typically used in MDE, such Ritz
vectors are excitation-dependent. It was shown that includ-
ing multiple Ritz vectors can further improve strain estima-
tion results, especially in the quasi-static frequency range,
because the loading conditions can be modelled more realis-
tically (Tofteker et al., 2023).

However, Boroschek and Legrand (2006) showed that for
tower structures, a tilt error is introduced in the horizon-
tal acceleration signal. Because the deflection of a tower
structure introduces a tilt, the measured accelerations include
components of the gravitational acceleration in addition to
the structural acceleration. Jonscher et al. (2025) showed
that the overestimation of amplitudes in the estimated quasi-
static displacement response is not primarily due to low-
frequency noise in the acceleration measurements but can in-
stead mostly be attributed to the neglected influence of the tilt
error on acceleration measurements. In the above-mentioned
publications, instead of explicitly accounting for the tilt er-
ror’s influence on accelerations, it has been bypassed by util-
ising additional strain or SCADA data or implicitly used for
strain estimation via inclinations (Tofteker et al., 2023). Dif-
ferent methods for compensating for the tilt error have been
developed since then. Luczak (2014) calculates the tilt angle
from the low-pass-filtered ratio of different components of
a triaxial DC-capable acceleration sensor, while Tarpg et al.
(2021) propose a compensation method utilising multiple ac-
celerometers attached to different sides of the structure to cal-
culate the tilt error. Jonscher et al. (2025) compensate for the
tilt error using the static bending line of a tower structure
and show that this tilt error is particularly pronounced at low
frequencies, increasing the error introduced when determin-
ing displacements by direct integration of accelerations. The
tilt error, therefore, must be considered in the virtual sensing
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concept for strain estimation from accelerations in the quasi-
static frequency range.

The approach presented in this contribution addresses the
above-mentioned challenges by accounting for the tilt error
in the reconstruction of the quasi-static strain and displace-
ment response from acceleration measurement data. In in-
dustrial applications, an instrumentation with multiple ac-
celerometers on more than one turbine, the so-called fleet
leader, is rarely done (Tsiapoki and Colomer Segura, 2024).
However, instrumenting all turbines within a wind farm with
one biaxial and DC-capable accelerometer is becoming more
common to capture turbine-specific vibration. Therefore, the
method is applied here to acceleration measurements ob-
tained from a single DC-capable accelerometer. The pro-
posed method extends the approach for tilt error compen-
sation by Jonscher et al. (2025), enabling the determina-
tion of quasi-static displacements down to 0 Hz, which are
subsequently converted into strain using a transmissibility
function based on the multi-band MDE. The approach re-
quires a finite-element model as a basis, from which the dis-
placement, rotation and strain distribution in the static bend-
ing line and in the structural modes are extracted. The only
data input required for the presented approach is accelera-
tion data from a single accelerometer, thus facilitating low-
maintenance load monitoring. The remainder of the paper
is structured as follows. The method used for displacement
and strain estimation is presented in detail in Sect. 2. The
method is validated experimentally using a beam model and
data from an operational OWT in Sects. 3 and 4, respectively.
In Sect. 5, the benefits and limitations are highlighted. The
results are summarised, conclusions are drawn, and an out-
look is presented in Sect. 6.

2 Strain estimation method

In this section, the novel approach for determining the quasi-
static displacement response using acceleration data is pre-
sented. A flowchart of the relevant steps is given in Fig. 2.
The two steps of the strain estimation, namely displacement
estimation from accelerations using the combined tilt er-
ror compensation and double integration and the strain esti-
mation from displacements using a transmissibility function
based on the MDE, are described here.

2.1 Displacement estimation using DC-capable sensors

In previous work by Jonscher et al. (2025), it was found that
the measured acceleration ameys is corrupted by gravitational
acceleration g, resulting in a share of the measured accelera-
tion, which is caused by g (a,(f)) due to the tilt of the sensor,
as illustrated in Fig. 3. The actual acceleration of the struc-
ture in the inertial coordinate frame ay;(f) can be expressed
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Figure 2. Flowchart of the displacement and strain estimation ap-
proach.

as

1
@rf)gm+1
= @neas(f)e(f.m), @)

s (f) = ameas(f) — ag(f) = Ameas(f)

where c( f,m) is the correction factor accounting for the tilt
error, and m is the tilt constant, which describes the ratio be-
tween the tilt w’ and the lateral displacement w in the quasi-
static bending line, which is valid for small tilt angles in the
quasi-static frequency range:

w/
m=—. 3)
w

The tilt constant m is only determined for the static case
as the tilt error is neglectable in the dynamic frequency range
dominated by structural eigenmodes of current wind tur-
bines. The correction factor c(f,m) has the amplitude re-
sponse of a second-order high-pass filter with a cutoff fre-
quency of gm but does not change the phase of the in-
put signal. However, the resulting acceleration ag, has to
be integrated twice to get the displacements, necessitating
the use of an additional high-pass filter (cf. Eq. 1) due to
the unstable behaviour of the integration filter and thus los-
ing information about the quasi-static motions. Furthermore,
Jonscher et al. (2025) utilised integrated electronics piezo-
electric (IEPE) accelerometers, which were able to measure
at low frequencies due to the calibration performed according
to Jonscher et al. (2022) but which could not measure the DC
component. It was therefore not possible to estimate static
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displacements below 0.01 Hz in this way (Jonscher et al.,
2025). Figure 4 shows the amplitude response of the integra-
tion filter and the tilt error compensation, the latter being par-
ticularly pronounced below the first eigenfrequency and for
frequencies approaching 0 Hz. Additionally, utilising Eq. (4),
it is also possible to calculate the frequency-dependent actual
tilt of the tower:

w'(f) = sin (a_g> — sin <ameas(1 —c(f, m))) ‘ @
& g

This contribution focuses on the estimation of the static
motion of the tower, which can be captured using DC-
capable accelerometers. The static displacement can be ex-
pressed as

1 1
w(f) = ~w(f)= 2L )
m 8
using Eq. (3).
Combining Egs. (2) and (5), one finds that
2 -2
() = e f)— ) ©)

Qrf)2gm+1

In this expression for the tower displacement, the inertial ac-
celerations are compensated. The resulting combined tilt er-
ror and integration filter (Eq. 6) shows a stable behaviour at
0 Hz, theoretically enabling the determination of static mo-
tions when DC-capable accelerometers are used. However,
low-frequency noise in the measurement chain can still lead
to a long-term drift, impeding the determination of static
motions in practical applications. The frequency-dependent
combined integration and tilt error correction resulting from
Eq. (6) is shown in Fig. 4 together with the correction factor
c(f,m) from Eq. (2) and the magnitude of the double inte-
gration filter.

For the static case f = 0 Hz the measured acceleration is
solely due to the tilt error, which is assumed to be true in the
entire quasi-static frequency band in the MDE approach by
Tofteker et al. (2023). Equation (6) then simplifies to

W= Emeas i (7)
gm

which means that offset errors in the measured mean accel-
eration are directly propagated to the estimated tower dis-
placement. To avoid such errors, either the sensor needs to be
aligned precisely during the installation or the misalignment
has to be compensated numerically by applying the rotation
matrix R™! to the measured acceleration.

Apeas(t) = R_l Ao (1) (8)

The rotation matrix is defined such that the mean gravi-
tational acceleration vector measured in the sensor frame is
aligned with the negative y axis. The two Euler angles ¢ and
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Figure 3. Schematic representation of the tilt error experienced by
a deflected tower structure based on Jonscher et al. (2025).
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Figure 4. Integration filter, tilt error compensation filter, and pro-
posed combined integration and tilt error filter. The influence of the
tilt error is marginal above the first eigenfrequency (EF).

& represent a rotation about the sensor x axis and z axis, re-
spectively.

cosé —siné 0 1 0 0
R=|sinE cosé& O 0 cos¢p —sing |. (9
0 0 1 0 sing cos¢

Measurement data for calm conditions with minimal
movement of the tower are averaged to suppress measure-
ment noise and obtain a raw mean gravitational vector @ray,.
The Euler angles can be determined as

draw,x

¢ = arcsin —a_raw’z & =arcsin| ———— ). (10)
|@raw| Qraw|CcOSP
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This approach does not allow for compensation of align-
ment errors in the yaw direction.

2.2 Strain estimation from displacements

The displacements estimated as described above serve as an
input for the strain estimation. The focus of this contribu-
tion is strain estimation using displacements derived from a
single accelerometer. If multiple sensors were available, sev-
eral proven methods could be used for this step, such as the
Kalman filters or the modal decomposition and expansion
(MDE). The proposed method involves constructing a trans-
missibility function that maps displacements to strain based
on the MDE, denoted by Ty, .. Therefore, a brief explana-
tion of the MDE, based on the work of Tarpg et al. (2020), is
provided here. In MDE, the displacements or strains are usu-
ally obtained from multiple acceleration measurements and
the structure’s mode shapes. It is assumed that the system
response in terms of displacements w can be represented in
modal coordinates ¢(¢) using the mode shape matrix: ®

w(t) = ®q(1). (11)

Equivalently, the system response in terms of strains & is ex-
pressed using the strain mode shape matrix 6 as

e(t) = 0q(t). (12)

Since not all infinite modes can be preserved in this step, and
high-frequency modes can safely be disregarded for wind tur-
bine tower fatigue assessment, the mode shape matrix ® and
the strain mode shape matrix @ are truncated to only include
a finite number of real modes. Consequently, the modal co-
ordinates ¢ can be estimated as

§(t) = ®) wn () (13)

from the displacement response wp,, where [-], denotes the
measured locations. This modal decomposition is performed
using a Moore—Penrose inverse of the mode shape matrix
<I>fn. The mode shape matrix is usually determined using a
numerical model of the structure but can also be derived from
an operational modal analysis, as shown by (Tarpg et al.,
2020). Estimated quantities are marked with [T] here. If the
structural response is measured using accelerometers, the
displacements have to be estimated before applying the MDE
according to Sect. 2.1. In the modal expansion, the structural
response is expanded in space using the estimated modal co-
ordinates ¢ and mode shapes at the target locations ®;. These
target locations are indicated by the index [-]:

w(1) = PG (0). (14)

Similarly, the strains can be estimated by replacing the de-
flection mode shapes at the target locations with the strain
mode shapes 6:

e(t) =0.q(). s)
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The number of modes considered in the MDE is limited by
the number of input sensors and must therefore be truncated.
Since the structural response of many structures, including
offshore wind turbines, is usually dominated by just a few
modes, this approach still yields adequate results even with
only a few sensors (Bagersad et al., 2015). However, in this
contribution, we focus on a sensor setup consisting of only
one sensor position. Using the classical MDE, the vibration
across the entire frequency band would then be projected
onto the first eigenmode, leading to insufficiently accurate
results. To overcome this limitation, the multi-band approach
proposed by Iliopoulos et al. (2017) can be used in which
the MDE is carried out independently for multiple frequency
bands. The full-field strain &g can then be calculated as a su-
perposition of the strains for each frequency band i = 1...n:

n
eff = Zei. (16)
i=1

Thus, different mode shapes and Ritz vectors can be used in
each frequency band, depending on the dominant excitation.
The approach also reduces the number of required sensors,
as the number of modes per frequency band is now limited
by the number of sensors rather than by the total number of
considered modes. If only one acceleration sensor is used,
the multi-band approach MDE simplifies to a frequency-
dependent transmissibility function 7T',_, . that takes into ac-
count the fact that unit displacements at different excitation
frequencies result in different strains. T',_,, is defined here
as

Twas(f) = —et’FE(f)

W re(f)’

where & pg(f) is the strain at the target location, and
wmre(f) is the displacement at the measured location ex-
tracted from the finite-element (FE) model for different exci-
tation frequencies f.

In the simplest case, the considered frequency range is di-
vided into n regions, where n is the number of considered
modes. This would result in T',_, . being a step function that
is only correct at the eigenfrequencies and approximates the
response at neighbouring frequencies, which is shown as an
example in Fig. 5 for arbitrary locations of w and ¢. This may
be sufficient if the system’s eigenfrequencies dominate the
response. However, for wind turbines, this is not always the
case as the excitation from wind and waves is usually below
the first eigenfrequency. If a separate Ritz vector is consid-
ered for the quasi-static frequency range, the strain estima-
tion can be improved, as shown by Iliopoulos et al. (2017).
T, is then modified to capture the different Ritz vectors
in the quasi-static frequency band, as shown in Fig. 5. How-
ever, Ty, .(f = 0) depends on the position and type of exci-
tation, which needs to be modelled. In theory, T, . can be
constructed for every excitation frequency, resulting in the
example continuous graph shown in Fig. 5, which is calcu-
lated here exemplarily for 101 excitation frequencies in the

A7)
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Figure 5. Displacement-to-strain transmissibility function Ty)—¢
for different MDE approaches. All approaches are exact at the
eigenfrequencies (EFs) but deviate from the continuous Ty, ¢ be-
tween the EFs and below the first EF.

shown frequency band. Unless this continuous T, . is used,
the strain estimation is only exact at support frequencies used
for the construction of T ,_, .. However, for T ,_, ¢ to be cor-
rect for all frequencies, the excitation type must be known
at every frequency. As a simplification, only one additional
Ritz vector — the static response to a horizontal force at the
tower top representing the thrust load — is often used, e.g. in
Tliopoulos et al. (2017) and Noppe et al. (2016).

3 Experimental validation using a laboratory beam
model

To validate the proposed method, a laboratory-scale beam
model was constructed. The steel beam shown in Fig. 6
has a total free length of 152.4 cm and a rectangular cross-
section of 3cm x 0.52cm. It is equipped with DC-capable
accelerometers of type PCB 3713B112G at the three mea-
suring points (MPs) indicated in Fig. 6 as well as laser dis-
tance sensors of type Keyence IL-030 at MP3 and a laser
distance sensor of type MEL M5/200 with a larger measure-
ment range at the top level MP1. Additionally, the vertical
strain is measured on both sides of the beam at the locations
MP4 and MP5 using electrical strain gauges of type HBK
3/350ZE LYO1 in a quarter-bridge configuration. To attach
the strain gauges, the beam surface was sanded, reducing the
cross-section in these areas to 3 cm x 0.5 cm. The accelera-
tion, displacement and strain are measured with a sampling
frequency of 600 Hz. The laser distance sensor at MP3 ex-
hibits a time delay of approximately 0.01s relative to the
other sensors, which has been digitally compensated before
performing any further data analysis. The measurement setup
and the measuring point heights are documented in Table 1.

A displacement boundary condition is applied manually
in the x direction at the top of the beam via a string con-
nected to the beam with a magnet. The boundary condition
consists of three distinctive parts indicated in Fig. 7. Dur-
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Figure 6. Photo and schematic drawing of the experimental beam.
The exact sensor positions are given in Table 1.

Table 1. Heights of the measuring points on the experimental beam.

Position  Elevation (m)
MP1 1.462
MP2 1.098
MP3 0.829
MP4 0.798
MP5 0.393

ing the first 310 s (Part 1), stepped displacements are applied
to demonstrate the proposed method’s capability to estimate
the quasi-static response. This part is followed by a free de-
cay for about 85 s in Part 2. For the remaining 110 s (Part 3),
a quasi-random displacement time series is applied to show-
case the performance in a setting relevant for fatigue estima-
tion.

For the virtual sensing approach, an FE model of the beam
is set up in Abaqus using Timoshenko beam elements. The
masses of the accelerometers and the magnet used to apply
the displacement boundary condition are modelled as iner-
tial point masses. The sanded cross-section around the strain
gauges was accounted for in the FE model by assuming a
reduced cross-section in the region 30 mm above and below
the strain gauge positions. In the FE model, the boundary
condition at the base of the structure is updated to match the
modal parameters of the first three bending modes in the x
direction identified from the acceleration measurements dur-
ing the free decay from ¢ =310s to t = 395 s using opera-
tional modal analysis. The dynamic properties, especially the
mode shapes, of the updated FE model are found to match
those of the real structure for a rotational stiffness of kot =
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Figure 7. Measured displacement at MP1 located at the top of the
beam structure. The three distinct parts of the time series are high-
lighted.

Table 2. Comparison of the first three modes in the x direction of
the laboratory beam (m) and the updated FE model (FE, u).

Eigenfrequency (Hz) Mode shape
Mode  foFEu Som MAC(PFEu, Pmeas)
Blx 1.698 1.569 0.9989
B2x 10.775 10.389 0.9999
B3x 30.59 29.619 0.9999

4.000 Nmrad~!. The considered eigenfrequencies and mode
shapes of the updated model, as well as the measurement re-
sults for the real structure, are shown in Table 2. The mode
shapes of the real structure are determined from the accel-
eration measurements using operational modal analysis and
are herein compared to the mode shapes from the FE model
using the modal assurance criterion (MAC). Even though a
significant deviation in the eigenfrequencies is still observ-
able, the mode shapes show good agreement with MAC val-
ues close to 1. Since mode shapes are the relevant modal pa-
rameter for the employed approach, the updating is consid-
ered sufficiently accurate for this application.

3.1 Displacement estimation results

The displacements at MP1 and MP3 were estimated as shown
in Fig. 2 using the tilt constants m derived from the static
bending line of the FE model, which was obtained by ap-
plication of a horizontal unit force at the top of the beam.
The tilt constants m and the amplitude behaviour of the re-
sulting filters are shown in Fig. 8 for MP1, MP2 and MP3.
As the tilt error is more pronounced at higher positions, m
is also larger, and the combined tilt error compensation and
integration filter has a smaller amplitude for higher measur-
ing points, meaning a smaller share of the measured accel-
eration is in fact due to the structural acceleration. The mea-
sured accelerations have been corrected for rotational offset
according to Eq. (10). All measured data have been low-pass-
filtered using an infinite impulse response (IIR) filter with a
cutoff frequency of 12 Hz, as the frequencies above 12 Hz do
not significantly contribute to the structural response.
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Figure 8. Amplitude behaviour of the combined integration and tilt
error filter for the accelerometer positions MP1, MP2 and MP3. The
tilt constants m are given in rad m~L

Two quality metrics commonly used in the literature for
evaluating the performance of strain estimation methods are
used here: the normalised root mean squared error (NRMSE)
as used in Moynihan et al. (2024), Noppe et al. (2016)
and Jonscher et al. (2025) and the evaluation via the error
in the damage-equivalent strains (ADES) or displacements
(ADED) used in Tarpg et al. (2020), Henkel et al. (2020),
Fallais et al. (2024) and Henkel et al. (2021). The latter is
used for evaluating Part 3, as it captures the fatigue-relevant
characteristics of a time series. The ADED is defined here as

DED.
DED,,

ADED = 1, (18)
where DED, and DED,,, are the DED from the estimated and
measured displacement time series, respectively. The DED is
calculated from the ranges Aw; and number of cycles n; ob-
tained from a rainflow counting of the time series according
to the ASTM E 1049 standard (ASTM, 2017). The DED can
then be calculated as

1 1/mgsN
DED = Aw!"Np; , (19)
<NreflZ ! l)

assuming a generic Wohler (SN) curve with a fatigue expo-
nent mgN = 3 for Npr reference load cycles. Equivalently,
for comparing strain time series, the deviation in the damage-
equivalent strains (ADES) is introduced, calculated from the
strain time series as input to the rainflow counting. Addition-
ally, the NRMSE is used for evaluating Part 1, as it provides
more reliable information for quasi-static loading with only
a few cycles. It is defined here as

1 1 &
NRMSE = ¥ ; (rm(t) — xe(1))? (20)

from the measured and estimated time series x,, and x., re-
spectively, normalised with respect to the standard deviation
of the measured time series.
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Figure 9. Displacement estimation at MP1 using the accelerometer
at the respective level. Due to the similarity of the estimated and
measured signals, some signals might not be visible in the plot.
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Figure 10. Spectrum of the displacement estimation at MP1 using
the accelerometers at the respective level. Due to the similarity of
the estimated and measured signals, some signals might not be vis-
ible in the plot.

The displacements estimated according to the proposed
method are compared to the measured displacements in
Fig. 9 for the accelerometer position MP1. The estimated
displacements show good agreement with the measured dis-
placement, as shown by the quality metrics in Table 3. Not
only can the vibrations at the eigenfrequencies be estimated
accurately, as can be seen from Zoom 2 in Fig. 9, where
the first eigenfrequency dominates during the free decay, and
the frequency spectra shown in Fig. 10, but the static and
quasi-static displacements can also be captured accurately,
as shown in Zoom 1 and Zoom 3 in Fig. 9, respectively, and
the zoom into the frequency range from O to 0.3 Hz in the
spectrum in Fig. 10. The absolute error shown in Fig. 11 is
generally low, with errors below 0.1 mm for MP3 and er-
rors below 0.2 mm for MP1. The laser displacement sensor
at MP1, however, has a high noise level, as visible in Fig. 10,
contributing to a share of the observed absolute error. The
estimated displacement can be used as input for strain esti-
mation.
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Figure 11. Absolute error of the displacement estimation at MP1
and MP3 using the accelerometers at the respective levels.

Table 3. Quality metrics for the displacement estimation for two
different sensor positions.

Posiion NRMSE ADED (%)
MPI1 0.0380 221
MP3 0.0290 —~1.18

3.2 Strain estimation results

The strain is subsequently calculated from the displacement
estimation obtained in the previous step, as shown in Fig. 2.
For both MP4 and MPS5, the strain is estimated three times
using the accelerometers at MP1 to MP3 separately. The six
transmissibility functions T',,_, are constructed according
to the MDE with an additional quasi-static frequency band.
The frequency band limits are chosen as the centre of the
supporting frequencies. The displacement and strain mode
shapes and the Ritz vector for the quasi-static case are ex-
tracted from the FE model. A horizontal force at the beam
top is assumed for calculating the Ritz vector in the quasi-
static case. The resulting values of the step function T, ¢
for the strain estimation of MP4 and MP5 are given in Ta-
ble 4.

The strain estimation results for MP4 are shown in Fig. 12.
Corresponding to the evaluation carried out for the displace-
ment estimation, the strain estimation is evaluated using the
NRMSE for Part 1 and the ADES for Part 3 of the time series.
The values resulting for NRMSE and ADES can be found in
Table 5. The strain estimation consistently yields excellent
results, with an absolute ADES below 1.7 %, except for the
strain estimation at MP4 using acceleration at MP2, indicat-
ing that, for a known excitation, the proposed method en-
ables reliable strain estimation using a single accelerometer.
Furthermore, spatial extrapolation of the strain is possible, as
accurate strain estimation can be achieved regardless of the
input and output positions. The good agreement between the
estimated and measured strains is achieved in both the quasi-
static and dynamic frequency ranges, as can be concluded
from the quality metrics in Table 5. The accuracy of the strain
estimation in the quasi-static frequency range is evident in
Zoom 1 and Zoom 3 in Fig. 12 and in the zoom into the fre-
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Table 4. Displacement-to-strain transmissibility function 7'y ¢ in
m~! for the strain estimation at MP4 and MP5 from displacements
at MP1, MP2 and MP3 using a separate Ritz vector in the quasi-
static frequency range.

Frequency band (Hz)

Quasi-static First EF Second EF

0-0.79 0.79-5.99 5.99-12

TympPly—emp4) L76E—-03  1.39E —03 237E —-02
TympP2)—emps) 2.77TE—-03  2.12E—-03 —7.23E —02
Typ3)—emps) 448E—03 333E-03 -—271E-02
TympPly—emps)y 2.74E—03  2.77E —03 5.76E — 03
TypP2)—emps)y  4.32E—-03  422E-03 —1.76E —02
Tymp3)—emps) 6.98E—03  6.64E—03 —6.58E—03

Table 5. Quality metrics for the strain estimation for different ac-
celeration sensor positions.

Position ‘ Metric
Strain  Acceleration ‘ NRMSE ADES (%)
MP1 0.0257 —1.2098
MP4 MP2 0.0418 4.6107
MP3 0.0377 0.8397
MP1 0.0238 —1.6540
MP5 MP2 0.0268 0.0012
MP3 0.0258 —0.3614

quency range from O to 0.3 Hz in the spectrum in Fig. 13.
The strain estimation in the dynamic range is sufficiently ac-
curate for determining fatigue damage close to the eigenfre-
quencies (cf. Zoom 2 in Figs. 12 and 13). However, between
the first and second eigenfrequency, the estimations deviate
from the measured strain. Since not much energy is contained
in these frequencies, this can hardly be seen in the time do-
main representation of the strain but becomes visible in the
spectrum in Fig. 13. This deviation is due to the approxima-
tion of the continuous T,_,, as a step function. Therefore,
frequencies below the band limit frequency are assigned to
the lower frequency band, while higher frequencies are as-
sumed to vibrate in the shape of the upper frequency band.
This leads to the discontinuity in T, at the band limit fre-
quencies, which is visible in the spectra and has also been
observed by Noppe et al. (2016, 2018). This issue can be al-
leviated by using the continuous T;,_,. function, which does
not possess this discontinuity. However, a continuous Ty, ¢
inflates strains at frequencies where the displacement shape
has a nodal point, leading to a pole in the function T, ¢,
which is also undesirable.

Wind Energ. Sci., 11, 3359-3376, 2026

J. Thurn et al.: Virtual sensing based on a biaxial accelerometer

10

0
<10
£
£
=
C
©

0 -10 .
-1 -12
255 260 265 330 335 340 430 435 440

——Measured MP1 ccel MP2, el MP3 ccel

Time (s)

Figure 12. Strain estimation at MP4 using the accelerometers at
MP1, MP2 and MP3. Due to the similarity of the estimated and
measured signals, some signals might not be visible in the plot.
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Figure 13. Spectrum of the strain estimation at MP4 using the ac-
celerometers at MP1, MP2 and MP3.

4 Application to an offshore wind turbine

In the previous section, the proposed method is shown to
yield accurate displacement and strain estimation results in
a laboratory-scale experiment under controlled conditions.
In this section, the proposed method is applied to measure-
ments recorded during the operation of an offshore wind tur-
bine. The goal is to showcase the method’s performance in
a realistic setting, where deviations in the in situ conditions
from design assumptions are not known in detail. The con-
sidered offshore wind turbine is located in the German Bight
in the North Sea with a water depth of approximately 24 m.
The wind turbine is supported by a monopile foundation em-
bedded in medium-dense sand. For confidentiality reasons,
additional information about the construction cannot be dis-
closed. The tower is equipped with DC-capable accelerom-
eters measuring in both horizontal directions at three posi-
tions: close to the tower top (TT), at the tower middle (TM)
and close to the transition piece (TP). Furthermore, six strain
gauges are installed close to the TP. The relative elevation
normalised with respect to the hub height and the orienta-
tions of the installed sensors are summarised in Table 6, and
an illustration of the wind turbine with the indicated sensor
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Figure 14. Schematic drawing of the sensor setup on the offshore
wind turbine showing the sensor placement.

positions and orientations is given in Fig. 14. Both acceler-
ations and strains were sampled at 25 Hz. The temperature-
corrected measurement data recorded by the strain gauges
are used to validate the strain estimation.

Two datasets using the same measurement setup have been
evaluated here. The first dataset encompasses 9.5h of con-
tinuous measurement. The second dataset encompasses 1
month of measurement data. The turbine operates under part-
load conditions during the measurement period of dataset 1
except for approximately 20 min from 05:00 to 05:20 h, when
the turbine is shut down. The minimum, maximum and mean
values of some of the relevant SCADA data are given in Ta-
ble 7 for both datasets to give an impression of the occurring
environmental and operational conditions (EOCs), underlin-
ing the fact that the method is applied to data under varying
EOCs.

An Abaqus FE model of the structure, consisting of Timo-
shenko beam elements, is set up based on the design assump-
tions. The rotor—nacelle assembly is modelled as a lumped
mass, while the soil is modelled using 42 linear springs in
the horizontal directions. The deviation in the eigenfrequen-
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Table 6. Relative elevations normalised with respect to the hub
height and orientations of the sensors on the offshore wind turbine.

Position  Relative elevation (=)  Orientation (°)
Acceleration
TT 0.92 356
™ 0.55 355
TP 0.14 280
Strain
35,90, 155
TP 0.15 215,275, 335
cies is expressed as
Af(): fO,FE_fO,m- (21)
fO,m

The second-order modal assurance criterion (S2MAC)
(D’ Ambrogio and Fregolent, 2003) values of the first bend-
ing mode pair are presented in Table 8. By comparing the
mode shapes with the S2ZMAC, the alignment uncertainty
within the mode subspace is excluded, which can be sig-
nificant for tower structures with closely spaced modes, as
shown in Jonscher et al. (2023). The comparison of the modal
parameters reveals a good agreement of the calculated first
bending mode pair with the measurement data from the real
structure.

4.1 Strain estimation results

All acceleration and strain time series were low-pass-filtered
with a cutoff frequency of 2 Hz for evaluation and validation,
respectively, therefore including the quasi-static frequency
range, the first eigenmode, and frequencies dominated by the
rotor excitation and the second eigenmode. This frequency
range is chosen since it allows most of the fatigue-relevant
vibrations to be captured. This is illustrated exemplarily for
the investigated measured strain time series from dataset 1 in
Table 9. A total of 99.5 % of the DES can already be cap-
tured by the quasi-static vibrations below 0.1 Hz alone for
this time series. This share increases to more than 99 % when
the first eigenfrequency is included (0-0.5 Hz). However, it
should be noted that frequencies above 2 Hz, which are dom-
inated by the rotor dynamics and higher tower eigenmodes,
can have a larger influence on the fatigue loads in the sup-
port structure for other operational or environmental condi-
tions, for example by increasing the strain amplitude during
sudden events like shut-down or start-ups. Despite this, the
cut-off frequency is chosen as 2 Hz, allowing the focus to
be placed on the performance in the low-frequency range, in
which strain estimation using accelerations only is typically
challenging.

The strains are estimated from the estimated displacement
using the combined integration and tilt-error-compensation
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Table 7. Statistical properties of selected EOCs during the measurement period.

Dataset 1 (9.5h)

‘ Dataset 2 (1 month)

Mean ‘ Min Max Mean

Quantity Min Max
Wind speed (ms—!)  4.00  9.69
Yaw angle (°) 236 312
Rel. power (%) 0.1 55.8

6.14 | 0.09 293 7.10
276 0 360 -
17.6 0.0 100 23.5

Table 8. Comparison of structure and the FE model: deviations in
the eigenfrequencies and the mode shape assessed via the SZMAC.

Mode Afy (%) S2MAC
Blx —2,73  0.9994
Bly —2.73  0.9995

Table 9. Share of damage-equivalent strain caused by for different
frequency bands for the measured strain time series at TP at 35°.

0-0.1Hz 0-05Hz 0-2Hz 0-12.5Hz

91.9 % 99.1 % 99.5% 100 %

filter introduced in Sect. 2.1. The utilised tilt constants m
and the resulting frequency-dependent amplification function
were obtained in the same fashion as described in the previ-
ous section and are shown in Fig. 15. The strain time series
are subsequently estimated using 7, . constructed using the
parameters given in Table 10. It is assumed for this proof of
concept that the dominant load in the quasi-static frequency
range is the thrust load on the rotor. Therefore, as a simplifi-
cation, only the thrust load is considered here. The values
of Ty—, in this frequency range are therefore determined
from the static bending line resulting from a horizontal force
applied to the top of the tower, regardless of the direction
and operational condition. Furthermore, since the FE model
is axisymmetric, any directional dependence of T,,_, . is ne-
glected here. More complex load assumptions and a more
detailed FE model with a detailed rotor and directional soil
model would result in direction-dependent tilt constants m
and transmissibility functions Ty,—, .

For each strain gauge position, the strain has been esti-
mated using the accelerometers at TT, TM and TP separately.
The acceleration signals dmeas,x and @meas,y have been rotated
to match the orientation angle of the respective strain gauge
Ostrain before applying the proposed method using the trans-
formation

Ameas, Ogyrain — COS(Ostrain)@meas,x — Sin(estrain)ameas,y- (22)

The resulting strain time series exhibits a long-term
drift, which has been removed by applying a second-order
zero-phase high-pass filter with a cutoff frequency of
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Figure 15. Amplitude behaviour of the combined integration and
tilt error filter for the three accelerometer positions TT, TM and TP.
The tilt error constant m is given in rad m~ L

Table 10. Displacement-to-strain transmissibility function T ¢
in m~! for the strain estimation at TP from the displacements at TT,
TM and TP using a separate Ritz vector in the quasi-static frequency
range.

Frequency band (Hz)
Quasi-static First EF Second EF
T (TT)—&(TP) 293E—-04 291E—-04 —1.35E-03
T y(tM)y—eTpP) 6.03E—-04 6.01E—-04 —543E—04
T y(TP)— &(TP) 208E—-03 207E—-03 —835E—-04

0.0001 Hz to both the measured and estimated strains. This
drift is likely caused by measurement noise and is not in-
herent to the method formulation. However, for this mea-
surement setup it limits the method’s ability to estimate the
DC component of the strain. The strain estimation is then
evaluated using the quality metric ADES, as introduced in
Sect. 3.1. The ADES for all input and output combinations
is calculated using a generic SN curve with mgy =35 and
Nrer = 107.

The resulting ADES values for dataset 1 are shown in Ta-
ble 11 and range from —0.53 % to —10.33 %. This deviation
is comparable to other published results in which deviations
in the damage-equivalent strain of around 6.1 % (Iliopoulos
et al., 2017) and 2 % to 18 % (Fallais et al., 2025) have been
found. The high-pass-filtered results of the proposed method
for strain estimation are shown as an example in Fig. 16 for
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Figure 16. Strain estimation at TP at 35° using the accelerometers
at the TT, TM and TP. Due to the similarity of the estimated and
measured signals, some signals might not be visible in the plot. The
shutdown event is highlighted in grey.

the strain gauge position at 35° next to the 10 min mean val-
ues of the yaw angle and the wind speed in Fig. 17. The sig-
nificant deviation during the first hour is due to the high-pass
filter settling in. The long duration of the settling is caused
by the low cutoff frequency; a higher cutoff frequency would
reduce the error during the first hour.

The method accurately captures the general trends, i.e.
the quasi-static frequency range and the structural response
close to the first eigenfrequency, as shown in the spectrum
in Fig. 18. The zoom in Fig. 18 further highlights the good
agreement between the estimated and measured strains in the
quasi-static frequency range, regardless of the accelerometer
position used as input. The agreement in the quasi-static fre-
quency range can also be observed in Zoom 1 in Fig. 16. In
contrast, the spectrum reveals bad agreement for higher fre-
quencies dominated by the rotor harmonics and higher eigen-
modes, which do however have a negligible effect on the total
DES for the investigated time series. The deviation for higher
frequencies is likely caused by the rotor modelling as lumped
mass, which has been shown to highly influence the sec-
ond tower bending mode (Reinhardt et al., 2024) and leads
to bad agreement between estimated and measured strain at
frequencies above the first eigenfrequency (Pedersen et al.,
2026). Furthermore, the method shows good agreement for
the shutdown event around 05:00 LT, which is shown in detail
in the same illustration. As shutdown events result in signif-
icant changes in strain, an accurate strain estimation is criti-
cal for fatigue estimation. Figure 19 shows the absolute error
between the estimated and measured strains. This remain-
ing error can be attributed to modelling uncertainties, EOC-
dependent changes in the dominant loading and the measure-
ment technology.
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Figure 17. 10 min mean values of the yaw angle and wind speed
during the considered period.
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Figure 18. Spectrum of the strain estimation at TP at 35° using
the accelerometers at the TT, TM and TP and a Hanning window of
30000 samples. The zoom shows the spectrum in the low-frequency
range. Due to the similarity of the estimated and measured signals,
some signals might not be visible in the plot. For reasons of confi-
dentiality, the frequencies cannot be disclosed.

After having shown good accuracy for the short measure-
ment period of dataset 1, the method has been applied to
dataset 2 to assess the method’s performance over a longer
measurement period of 1 month under varying EOC. In con-
trast to the previous evaluation, the strain has been estimated
for 10 min periods to allow for a yaw transformation using
the available 10 min mean yaw position. To avoid the ob-
served effects of the low-pass filtering, an additional 60 min
was evaluated before and after the respective 10 min period
and cut-off before calculating ADES. Both the estimated and
measured strain time series have been band-pass-filtered be-
tween 0.1 mHz and 2 Hz. Figure 20 shows the results of the
application of the strain estimation method to dataset 2 for
the level TP in the fore—aft (FA) and side-side (SS) direc-
tions. Additionally, Fig. 20 shows the coefficient of deter-
mination R2 and the mean percentage error (MPE). The re-
sults show very good agreement in the FA and SS directions
with only small deviations from a perfect fit, as indicated by
R? 2 1 and a MPE below 9 %. While both metrics indicate
a slightly better estimate in the FA than in the SS direction,
the observed difference in accuracy is minor. This indicates
that the simplified load assumption of the thrust load being
dominant regardless of the direction is sufficient for the in-
vestigated dataset for both the FA and SS directions. While
the thrust load is certainly dominant in the FA direction under
operation, due to yaw misalignment (Kragh et al., 2013), it
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Table 11. Comparison of ADES (%).
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Acceleration level

Strain gauge orientation

35° 90° 155° 215° 275° 335°
TT -066 -526 —-6.19 —-383 =523 -9.62
™ —-456 —-742 —-446 -761 723 7095
TP 038 —543 —-6.03 —-2.82 547 947
S 20 5 Benefits and limitations
o Y TTRP Y ‘W“"‘-ww I, T ,W‘”WW‘WM
E E o0 ol R " ‘WM The results of this study show that accounting for the tilt er-
g Y [ ror in strain estimation on wind turbine support structures
< -40 ‘ ‘ ' enables an accurate strain estimation using a single biaxial
00:00 02:00 04:00 06:00 08:00 and DC-capable accelerometer. A key advantage of the pre-
‘—TP M T ‘ sented approach is its ability to enable a cost-effective, low-
accel accel accel . . . .
Time (h) maintenance load monitoring of wind turbine support struc-
ime

Figure 19. Error in the strain estimation at TP at 35° using the
accelerometers at the TT, TM and TP. The shutdown event is high-
lighted in grey.
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Figure 20. Scatterplot of the DES calculated from the estimated
and measured strain time series in dataset 2 (1 month of measure-
ment) at TP in the FA and SS directions using different acceleration
sensors as input. Each point represents 10 min of measurements.
The coefficient of determination R? and the mean percentage error
(MPE) in per cent are given.

appears to also be the dominant quasi-static load in the SS di-
rection. Other loads acting on the tower like the rotor load ec-
centricity or the wave load do not distort the strain estimation
in the investigated dataset. Furthermore in the SS direction,
the quasi-static frequency range, where the load assumptions
affect the estimation, is less relevant in the SS direction than
in the FA direction, as a larger share of the fatigue-relevant
vibration occurs at the first eigenfrequency.
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tures, as only one biaxial DC-capable accelerometer and a
beam model of the structure are required to estimate strains.
Comparisons of both measured and estimated displacements
and strains in a laboratory setting show excellent agreement,
not only in the dynamic but also in the quasi-static fre-
quency range, which is otherwise difficult to determine using
only acceleration as input. Low deviations in the damage-
equivalent strain promise a reliable estimation of fatigue life
consumption throughout the entire structure. However, the
approach necessitates a sufficiently accurate finite-element
model and correct load assumptions. Similar results can be
observed from the application of the approach to data from a
full-scale offshore wind turbine. Due to a limited dataset, the
method could only be validated for one position, for which
a strain estimation accuracy comparable to other publica-
tions could be achieved. Even though the estimated damage-
equivalent strains are larger than in the laboratory setting,
deviations comparable to those achieved with other methods
using more input data can be achieved.

The remaining deviation is likely due to uncertainties in
finite-element modelling that arise because the underlying
finite-element model is based on design data, neglecting
manufacturing and construction deviations. Sensitive param-
eters, such as the soil stiffness distribution, can deviate sig-
nificantly from the design assumption as they involve a high
uncertainty. Moreover, any asymmetries in the mass and stiff-
ness distributions throughout the wind turbine support struc-
ture are neglected in the modelling. Furthermore, the in-
fluence of varying EOCs is neglected in the calculation of
the tilt constant m and the transmissibility function Ty,_¢.
Such variations can affect the static bending line and mode
shapes and can occur due to temperature gradients, waves or
changes in water level with the tide. Most EOC-dependent
effects cannot be identified using the available dataset due to
its short duration. Additionally, for this application, the ro-
tor thrust is assumed to dominate the quasi-static response.
However, a wind turbine experiences a variety of different
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loads in addition to the thrust load, caused for example by
waves or the eccentricity of the rotor load. The dominant load
varies with the direction and operational condition. While
the thrust load is the dominant load in the FA direction dur-
ing power production, it is less relevant in the SS direction.
However, due to yaw misalignment, the thrust load is still
present in the SS direction. Additional loads from the ro-
tor eccentricity and the waves may become relevant in the
SS direction under different EOCs but are neglected here.
Furthermore, the amplitude and therefore composition of the
different loads can vary with different operational conditions
(Skafte et al., 2017; Tofteker et al., 2023). A more detailed
modelling of the EOC-dependent excitation using multiple
Ritz vectors and a continuous and direction-dependent trans-
missibility function might further improve the results and al-
low for an accurate strain estimation even for locations below
the waterline. Finally, errors arise from uncertainties in sen-
sor placement and from the measurement technology. Since
biaxial accelerometers are used in the presented application
to an offshore wind turbine, the misalignment correction ac-
cording to Eq. (10) is not possible, and it cannot be guar-
anteed that the accelerometers are accurately aligned in the
horizontal plane. The exact orientation of the accelerometers
around the tower’s circumference is also uncertain. Addition-
ally, the measurement data are subject to measurement noise,
necessitating the use of a high-pass filter for long measure-
ment periods. Despite these limitations and simplifications,
strain estimates with an accuracy comparable to state-of-the-
art methods can already be achieved with fewer inputs.

6 Summary and outlook

This paper presents a novel approach to strain estimation
on tower structures, particularly in the quasi-static frequency
range, based on tilt error compensation using a single DC-
capable accelerometer and a finite-element model. In the pre-
sented approach, displacements can be directly calculated
from accelerations using parameters extracted from a finite-
element model of the structure’s static bending line and mode
shapes, thereby combining tilt error compensation with dou-
ble integration. The displacements are consequently trans-
formed into strain using a transmissibility function based
on modal decomposition and expansion. By combining tilt
error compensation and double integration, the proposed
method theoretically enables displacement and strain esti-
mation down to 0 Hz using only one accelerometer. The ap-
proach requires a sufficiently accurate structural model and
relies on load assumptions for quasi-static strain estimation.
It was validated using a laboratory experiment and using
measurement data from an operating offshore wind turbine.
Excellent agreement between the estimated and measured
displacements and strains was observed in the laboratory ex-
periment, with deviations in the damage-equivalent strain of
less than 5 % across all accelerometer measurement points.
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Both the quasi-static and dynamic responses could be cap-
tured, and a single accelerometer position was shown to be
sufficient to accurately estimate strains at multiple locations.
However, limited accuracy was observed close to frequency
band limits, being responsible for the majority of the ob-
served error. The remaining errors are likely due to mod-
elling uncertainties, sensor positioning uncertainties and in
the case of the strain estimation the noise level of the strain
gauges. The strain estimation for the offshore wind turbine
also yields accurate results but shows larger variations in the
damage-equivalent strain, ranging from —0.5 % to —10.3 %,
averaging out to a mean percentage error of less than 9 % in
the validation using a month of data, which is comparable to
other strain estimation methods. The larger deviation com-
pared to the laboratory study is likely due to the more com-
plex structure and environmental and operating conditions,
as well as only considering the rotor thrust when estimating
the quasi-static response. Due to measurement noise, a high-
pass filter with a cutoff frequency of 0.0001 Hz was applied,
which impeded the determination of static strains. The pro-
posed method was shown to be an attractive alternative to es-
tablished methods for strain estimation, as it relies on fewer
sensors while yielding comparable accuracy, making it more
cost-effective.

In future research, the proposed method should be vali-
dated against strain measurements on more target locations.
The uncertainties in the strain estimation should be further
investigated, particularly the influence of uncertain design
parameters on the estimation accuracy. Additionally, future
research should focus on improving the derivation of the
transmissibility function that maps displacements to strains.
This should also incorporate different Ritz vectors to better
represent wave and rotor excitation under various operational
conditions. Furthermore, it is of particular interest to find a
sensor setup that minimises sensor cost while still enabling
sufficiently accurate strain estimation, perhaps necessitating
sensor fusion. The proposed method should be applied to
wind turbine measurement data spanning longer time periods
to identify damaging operational conditions, with the goal of
developing strategies for lifetime-oriented operation of wind
turbines, potentially necessitating a continuous model update
to account for structural changes like scour development or
marine growth. Lastly, future investigations should focus on
extending the proposed method to monitor entire wind farms
by applying population-based structural health monitoring
techniques.

Code availability. The associated source code containing the lab-
oratory beam example (Sect. 3) is available as an open-access data
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